Abstract-Electron microscopy of particles in size fractions (0.5-1.0 ~z, 0.1-0-5 ~, 0.05-0.1/~ and < 0-05 tz e.s.d.) obtained by centrifugation of Na-saturated montmorillonites from Wyoming (two samples); Chambers, Arizona; and Fayette County, Texas, has shown details of particle morphology. The finest fraction of each montmorillonite consists predominantly of very thin, separate flakes whereas all coarser fractions, totalling 80 per cent or more by weight of the samples studied, are composed of microaggregates. For all the samples, preferred orientation is best developed in specimens formed from flakes of the finest fractions. Microaggregates are stable in dilute suspension although they swell to give large interlayer spacings, but can be disrupted into smaller, thinner flakes by ultrasonic vibration. Differences in dispersion behavior between separate flakes and microaggregates are not due to differences in interlayer charge or chemical composition, which are very small between fractions of each sample, but are thought to be due to the interlocking of flakes in microaggregates during crystal growth, which prevents their complete separation in dilute suspension.
INTRODUCTION SEVERAL recent publications have described studies of size-fractionated montmorillonites. McAtee (1958) observed that untreated Na-Camontmorillonites from Wyoming bentonites can be separated by centrifugation into fine fractions and coarse fractions that are respectively predominantly Na-and Ca-montmorillonite. He suggested that the greater preference for Ca-ions of montmorillonite in coarser fractions arose from a difference in chemical composition compared with that of the montmorillonite in the finer fractions. Mungan and Jessen (1963) separated four untreated montmorillonites into several size-fractions; exchangeable Na-and Mg-ions were more abundant in the finer than the coarser fractions, and suspensions of different size-fractions had different rheological properties. Grim and Kulbicki (1961) separated a montmorillonite from Marnia, Algeria, into coarse and fine fractions (1-2~ and <1/~ respectively); the coarse fraction developed hightemperature phases characteristic of montmorillonites of the Cheto-type (minerals with many octahedral Mg-ions and large values of interlayer charge), and the fine fraction developed hightemperature phases characteristic of those of the Wyoming-type (minerals with fewer octahedral Mg-ions and smaller interlayer charge values). Jonas and Roberson (1966) showed that finer fractions of a Na-montmorillonite from Texas expanded more than coarser fractions at a given relative humidity. They suggested that an increase in particle size is accompanied by an increase in the structural charge density of the montmorillonite.
In the studies reported above no attempt was made to establish whether particles comprising two or more fractions from the same sample are fundamentally alike in morphology, or whether there are differences in size, shape, and state of aggregation of particles. No chemical analyses have been reported to confirm that montmorillonite from different size fractions of the same sample differs in silicate layer composition although chemical differences have been postulated to explain the different properties of the fractions.
We have chemically analysed three size fractions of four montmorillonites and examined them by electron microscopy; although the chemical differences between fractions of each sample are small there are differences in particle morphology between size fractions. Particle orientation, as it relates to particle morphology, was studied by X-ray diffraction of oriented clay films, and the swelling behavior and stability of particles were studied by X-ray diffraction and electron microscopy.
MATERIALS
Montmorillonites described in this paper were selected because they are essentially monomineralic in the fractions studied; they represent a range of composition and interlayer charge, and are minerals for which data have already been reported.
The bentonites from which the montmorillonites were separated came from:
(i) Fayette County, Texas (designated FE3-2 by Roberson, 1959) (ii) Chambers, Arizona (Ward's montmorillonite No. 23) (iii) Upton County, Wyoming (Weir, 1965) (iv) Crook County, Wyoming (similar to samples studied by McAtee, 1958) .
SAMPLE PREPARATION
Fifty gram samples of each montmorillonite were saturated with Na-ions, using not less than six treatments with 1 N NaCI solution, to eliminate differences in exchange cation composition, and obtain efficient dispersion. After the last treatment the clay was dispersed in approximately 6 I. of distilled water and centrifuged with a Sharpies Super-centrifuge at 26,000 rpm with a flow rate of 150 ml/min. The sedimented material was recovered and re-suspended in a similar volume of water and re-centrifuged six times to give 30-401. of suspended material. The sedimented material recovered from the final washing was resuspended and centrifuged into a medium and coarse fraction. Sodium chloride added to the 30-401. of dilute suspension flocculated the clay, which was then re-dispers ed in a smaller volume of water, separated into fine and very fine fractions by centrifugation, and washed with distilled water until free of salt. At each stage of the procedure coarser fractions were redispersed and centrifuged until the yields of finer suspended material were very small. The following particle size ranges were obtained: coarse, 0.5-1.0/~; medium, 0-1-0.5/~; fine 0.05-0.1/~; very fine < 0.05/~ e.s.d. Values of equivalent spherical diameter (e.s.d.) were calculated according to the method of Hauser and Reed (1939) .
RESULTS

Particle size distribution
Particle size distributions for the four samples are shown in Table 1 . These figures are not precise because only part of each fraction was dried and weighed, but they show that the very fine fraction is only a small part of each sample. Most of the Chambers montmorillonite is coarser than 1.0/~; much of this is montmorillonite, although other minerals are also present. Electron microscopy Specimens were prepared for electron microscopy by allowing drops approx. 0.3 mm dia. of suspensions of the various fractions to dry on prepared electron microscope grids. For routine examination the samples were placed on copper grids coated with collodion films, but to show the thinnest clay flakes with maximum contrast, platinum grids with round holes coated with thin carbon films were used. Specimens were examined unshadowed in a Siemens Elmiskop 1 electron microscope at magnifications of 5,000 x, 10,000 x or 20,000• All micrographs in this paper are reproduced at the same magnification, approx.
10,000 x.
Mean particle sizes, obtained from measurements of the long and short axes of at least twenty particles selected randomly from micrographs of each fraction, are shown in Table 2 . Particles from corresponding fractions of the two Wyoming montmorillonites have similar sizes. They are larger than those of the corresponding fractions of the Fayette sample, which are probably thicker than the Wyoming particles because they have the same settling velocity. Particles in the medium and fine fractions of the Chambers montmorillonite are comparable in size to those in corresponding fractions of the Wyoming samples. In the very fine fraction, particles from the Chambers montmorillonite are smaller than those of the Wyoming samples and are closer in size to those of the Fayette montmorillonite. The particle dimensions measured are always larger than the diameters of the equivalent spheres; this reflects the plate-like shape of the particles and of their constituent flakes.
All except the finest fraction from each sample are composed of microaggregates (after Meting, 1946) . For a given fraction the dimensions of these particles lie within a narrow size range (Figs. lc, 2c, 2d, 3c and 3d) . Microaggregates in the medium fraction of the Crook montmorillonite ( Fig. 3d ) appear to be composed of large flakes; in the fine fraction both flakes and microaggregates are smaller, but both fractions contain some flakes with areas comparable to those of the microaggregates. A similar relation exists between the sizes of flakes and microaggregates in the medium and fine fractions of the Upton montmorillonite. In contrast, microaggregates in the coarse and medium fractions of the Chambers montmorillonite, and in the medium and fine fractions of the Fayette montmorillonite, appear to be composed of very small particles, little if any larger than those in the finest fractions. These individual particles can be seen in the microaggregates of the Fayette sample (Figs. 2c and 2d) but are less clear in the coarse fraction of the Chambers montmorillonite and can only be observed in these microaggregates at magnifications of 20,000 x.
Figures la, 2b, 3a and 3b show that the very fine fraction of each sample is mainly composed of single flakes much smaller in planar area than microaggregates in coarser fractions; they are also very thin, approximately 10 A in many instances. The largest flakes in the Wyoming samples have about twice the area of the single flakes of the Chambers montmorillonite and about ten times the area of those of the Fayette montmorillonite. Flakes from the very fine fraction also vary in shape. Those from the Chambers montmorillonite are almost equidimensional; in the Wyoming samples they are more elongated, and the Fayette sample has many small elongated flakes.
To determine whether microaggregates are present in the original untreated montmorillonite or are artifacts of the separation procedure, a fragment of the bulk clay was dispersed just sufficiently to show its constituent particles by electron microscopy. The specimen was prepared by Na-saturating a small piece of the bulk sample with IN NaCl solution. Salt was removed without dispersing the clay with a 95:5 ethanol: water mixture and the material was dried. A minute fragment of this powder was dusted on to a collodion-covered electron microscope grid and wetted with a fine spray of distilled water. On wetting, the finest clay particles move to the periphery of the water droplet on the collodion surface and expose coarser particles. Figure ld shows particles in partly dispersed Chambers montmorillonite similar in size and shape to the whole range of particles observed in separated size fractions of this sample. In particular, the coarsest particles in Fig. ld closely resemble microaggregates in the coarse fraction (Fig. 1 c) . These results show that fractionation separates microaggregates that exist in the original untreated montmorillonite samples.
Although in the natural state the Fayette montmorillonite is mainly Ca-saturated, Fig. 2a shows that when Na-montmorillonite flakes in the finest fraction are Ca-saturated they do not form microaggregates, but instead form loose flocs of small flakes. Other attempts made to form microaggregates by drying and re-wetting suspensions of the finest fractions failed.
Electron micrographs of the various fractions show that the coarser fractions contained some finer material, although very little remained after many washings. Whether the finer material was present when the sample was originally dispersed, or whether it formed subsequently by the disaggregation of larger particles, is uncertain. The amounts of fine material in coarser fractions do not increase when dilute suspensions are stored for 3-6 months, as shown by measuring yields of fine material from centrifuged suspensions and by electron microscopy.
Attempts to disrupt microaggregates with ultrasonic vibration were successful only when the energy input was very concentrated. No perceptible breakdown of microaggregates was obtained when 100ml of suspension in a glass beaker was suspended for 30 min in a 4.5 1. tank with transducers supplying 60 W at 25 kcs to the outside of the tank. But an ultrasonic drill supplying 60 W at 20 kcs through a cylindrical drill with its tip in 10 ml of suspension did cause breakdown. Figure lb shows the result of a 1 rain treatment with the ultrasonic drill on the medium fraction of the Crook montmorillonite. Most of the microaggregates have been disrupted and many thin flakes produced. These flakes appear to be as thin as those in the very fine fraction of this montmorillonite (Fig. 3a) but have larger areas. Agitation for 15 min with the ultrasonic drill completely disrupted the microaggregates and produced thin flakes with much smaller areas than those in Fig. lb .
In summary, electron microscopy shows that the specimens we examined are composed of a large proportion of microaggregates that contain many flakes, and a small proportion of separate flakes. Flakes in microaggregates of the Wyoming samples are larger than the separate flakes of the finest fraction, and increase in size from fine to medium fractions; flakes in microaggregates from the other two samples appear to be as small as the very small separate flakes in the very fine fractions. In dilute suspensions Na-saturated microaggregates are stable for at least 6 months, but may be disrupted into separate flakes by violent agitation with an ultrasonic drill. Separate flakes cannot be reformed into microaggregates by drying at room temperature or saturating with Ca-ions.
X-ray diffraction data
X-ray diffractometer traces of oriented aggregates were made to check all size fractions of the four samples for mineral impurities and to establish that the montmorillonites expanded fully with interlayer ethylene glycol. The only mineral impurity detected was a small amount of cristobalite in the fine fraction of the Crook montmorillonite. All fractions of the four montmorillonites gave rational sequences of basal reflections corresponding to a mean basal spacing of 17 A. Specimens of medium and fine fractions of all the montmorillonites gave six to eight orders of the basal reflection, those of the Wyoming samples being two to three times as intense as those of the other two montmorillonites. Specimens of the finest fraction from each of the samples gave twelve to fourteen orders of the basal reflection, the reflections being from two to six times as intense as those from coarser fractions. Comparable differences of intensity were observed for air-dry specimens of the fractions.
The increased intensity of the basal reflections from montmorillonite in the finest fraction could result from separate flakes settling freely in dilute suspensions with their basal planes parallel to the sedimentation surface and thus developing better preferred orientation than flakes in microaggregates in coarser fractions. The greater intensity of basal reflections from fine and medium fractions of the Wyoming samples, compared with equivalent fractions of the other two samples, may also be attributed to better preferred orientation. Microaggregates in the Wyoming samples, described earlier, appear more plate-like than those in the Chambers and Fayette samples, and their constituent flakes may be more nearly parallel than constituent flakes of microaggregates in the Fayette and Chambers samples.
To verify that the observed differences in intensities of basal reflections were due to differences in preferred orientation of particles in clay films, direct measurements of preferred orientation were made using a Weissenberg technique similar to that described by Sutherland and MacEwan (1961) . Small rectangular flakes, approx 0.06 x 0.3 x 4 mm, were cut from Na-saturated clay films, prepared by drying sols on taut plastic film, and photographed air-dry in a Weissenberg camera with the long axis of the flake parallel and the incident beam normal to the crystal rotation axis. The 004 reflection, recorded as a streak parallel to the crystal rotation axis, was measured with a Joyce-Loebl recording microdensitometer as follows: a series of intensity measurements were made at equal intervals along the streak with the densitometer scanning in a direction perpendicular to the length of the streak. Each of these intensities was plotted against c~, the angular position of the flake at which the intensity was measured, where c~ is the angle between the sedimentation surface of the flake and the direction of the incident X-ray beam. This distribution is a measure of the number of crystal planes making angle c~ with the sedimentation plane; the sharper the distribution the better is the preferred orientation. Intensities were corrected for absorption by a graphical method and equalised for all specimens by making equal the terms (Is is the intensity, corrected for absorption, corresponding to angle c~). Figure 4 shows two examples of the intensity plots. The six-fold difference in the maximum intensities of the 004 reflections from these two Fayette specimens is attributable to the greater preferred orientation of particles in the very fine fraction. Single flakes in the finest fractions of the other three samples also show greater preferred orientation than do microaggregates in coarser fractions. These results, together with those from diffractometer traces, confirm that differences in intensities of basal reflections for the specimens examined are mainly caused by differences in preferred orientation.
we studied, suggests that gels composed of these flakes would exhibit intercrystalline swelling, but it was less apparent that such swelling would occur with flakes in microaggregates that do not break up even in dilute suspension. To observe whether flakes in microaggregates separate to large interlayer spacings in water, diffraction patterns were obtained with the diffractometer from gels of size fractions of the Na-montmorilIonites. Specimens were prepared both by wetting oriented aggregates that had been dried and by smearing gels prepared from clay suspensions on glass slips. The diffractometer was used with a narrow divergence slit, 0.1 ~ but with no other changes from instrument settings used for routine analyses of clays. Diffraction patterns were Separate flakes show greatest preferred orientation for all fractions, but among fractions composed of microaggregates, those from the Wyoming samples that contain plate-shaped microaggregates, in which the constituent flakes are most nearly parallel, show the greatest preferred orientation. Norrish (1954) , Norrish and Rausell-Colom (1963) and Foster, Savins, and Waite (1954) have shown that Na-saturated montmorillonite gels swell to give large interlayer spacings in water or dilute salt solutions. The occurrence of separated flakes in the finest fractions of the montmorillonites recorded by repeatedly scanning over the angular range 20= 0.8-8-0 ~ as the specimens dried at ambient temperature. Results show that all the specimens, whether composed of single flakes or microaggregates, and whether initially dried and rewetted or prepared directly from a gel, swelled to give a diffraction maximum corresponding to an interlayer spacing of at least 70,~, the largest spacing at which the maximum could be distinguished from the direct beam.
Limitations of the apparatus prevented investigation of another problem connected with the swelling of microaggregates. When Na-saturated microaggregates swell in water, their flakes must reach a limiting spacing at which swelling ceases because flakes in microaggregates do not completely separate even in dilute suspension. In contrast, Nasaturated flakes from the finest fractions may expand to larger interlayer spacings because from electron microscopy such flakes appear to be separated from one another after drying from dilute suspension. Norrish and Rausell-Colom, when studying the swelling of Na-saturated Wyoming montmorillonite, found that their <0.05/~ fraction, corresponding to our finest fraction, swelled more than their 0.1-0.3 p. fraction, corresponding to our medium fraction. This appears to confirm that single flakes do swell more than microaggregates, although Norrish and Rausell-Colom were reluctant to accept this result as a genuine difference in swelling behavior due to particle size, because they were not certain that their fractions were prepared under comparable conditions. (Table 3) show that the compositions of size fractions from the same montmorillonite vary little. Apparent variations in interlayer charge as shown by Na20 values, particularly conspicuous for the fractions of the Chambers montmorillonite, were not confirmed when the interlayer cations were changed to potassium. Possibly there was a loss of Na-ions during the repeated washing of certain fractions.
CHEMICAL COMPOSITION Results of chemical analyses
The fine fraction of the Crook montmorillonite contains a small amount of cristobalite; consequently the SiO2 content is larger than that of the other two fractions. There is slightly more calcium and potassium in the coarser fractions of all samples, indicating that complete exchange is more difficult to achieve with coarser particles. The very fine fractions of the two Wyoming and the Fayette samples contain slightly more magnesium than do coarser fractions, although there is no systematic trend from the coarse to the finest fractions. There is also slightly more iron in the very fine than in the coarser fractions of the Wyoming samples. This result may represent a variation in the iron content of the montmorillonite, similar to that of magnesium, or it may represent hydrated iron oxides in amounts too small to be detected as separate phases. Table 4 shows structural formulae calculated from the chemical compositions in Table 3 . The sum of octahedral cations lies between 3.96 and 4.10 ions/unit cell indicating that all the montmorillonites are dioctahedral. Variations in ionic composition between the three fractions of the Chambers montmorillonite, and between the three fractions of the Fayette montmorillonite, are so small that they are within the limits of experimental error of the chemical analyses. Fractions of the two Wyoming samples vary more in composition, but fractions of the same sample have very similar chemical compositions. The Chambers montmoriUonite, termed Cheto-type by Grim and Kulbicki (1961) , has the largest interlayer charge, 0.95 M*/unit cell, balanced mainly by isomorphous substitution in the octahedral layer. The Fayette montmorillonite, which also derives its layer charge mainly from 0ctahedral isomorphous substitution, has the same interlayer charge, 0.69 M+[ unit cell, as the Upton sample. The Crook montmorillonite has the smallest interlayer charge, 0"56M+/unit cell, and both Wyoming montmorillonites derive approximately 50 per cent of their layer charge from octahedral substitution.
DISCUSSION
These results show that four Na-saturated montmorillonites of differing chemical composition and interlayer charge are composed of a large proportion of microaggregates and a small proportion of very small separate flakes. The differences in chemical composition and interlayer charge between size fractions of each of these montmorillonites are small. The variations in physical properties of a series of size fractions of montmorillonites observed by McAtee (1958) , Mungan and J essen (1963) , and Jonas and Roberson (1966) therefore, are thought not to have been caused by compositional variations of montmorillonite between particle size fractions. Differences in preference for exchange cations, expanding properties, and rheological properties between size fractions of montmorillonites are more likely to be related to differences in particle morphology similar-to those described in this paper.
Many montmorillonites, of which the Chambers and Fayette County samples are examples, give X-ray diffraction patterns from oriented aggregates of < 2 p~ fractions that contain only a few weak basal reflections. Measurements of intensities of basal reflections from air-dry clay films showed that the best preferred orientation and maximum reflection intensities are obtained from specimens composed of separate flakes. If, as in the Chambers and Fayette County montmorillonites, the proportion of separate t~akes to microaggregates in a sample is small, and the microaggregates themselves orient poorly, the resulting diffraction patterns will show only a few low-intensity basal reflections. Diffraction patterns of oriented films of <2~ fractions of Wyoming montmorillonites give a large number of strong basal reflections, although < 2/~ *The Na~O value has been corrected to give the same interlayer charge as the Ksaturated sample (see Table 3 ).
"~These values have been calculated after the subtraction of SiO2 equivalent to 2 per cent cristobalite.
fractions of these samples contain approximately the same proportions of microaggregates to single flakes as the other two samples, because in the Wyoming montmorillonites, microaggregates orient better on drying from dilute suspensions.
For each montmorillonite studied, three particle size fractions have very similar chemical compositions; there is no consistent increase or decrease in interlayer charge or type or amount of isomorphous substitution with variation of particle size. The charge density per unit area therefore should be approximately the same for particles in all fractions of each sample. Therefore the attractive force per unit area due to bonding through exchange cations should be approximately the same between particles in microaggregates and between small flakes when they are brought close together. Yet separate flakes do not reform into microaggregates when they are Ca-saturated or brought together on drying. We suggest that microaggregates are formed as a result of contemporaneous growth within a confined space of many small crystals. These crystals have sufficient freedom of movement to swell to large interlayer spacings, but are so interpenetrated and intermeshed that they cannot be separated unless violently agitated. If the conditions controlling crystal growth affect the shape of flakes within microaggregates, small variations in these conditions could produce the range of sizes and shapes of flakes observed within one montmorillonite sample; somewhat larger variations would account for the differences between samples from different localities that have been described in this study.
